and the major abiotic factors driving their distribution. Moreover, these works focused mainly on syntaxonomic studies and the attribution of species to vegetation levels and bioclimatic zones (Zohary, 1961; Abi Saleh et al., 1976; 1996; Akman et al., 1978; Al Eisawi, 1996; Danin, 2001; Ketenoglu et al., 2010) .
Abi Saleh et al. (1976) defined the major forest vegetation series in Lebanon, based on climate and mother rock type. Further, the same author (Abi Saleh, 1982) described the altitudinal zonation of vegetation in Lebanon and divided it into 5 stages from sea level: Thermo, Meso, Supra, Montane, and Oro Mediterranean for the Mediterranean bioclimatic zones on the western slopes of Mount Lebanon, and 4 equivalent stages (Meso to Oro) in the Mediterranean steppe further inland. Each stage has roughly an altitudinal range of 500 m, with the Oro Mediterranean above 2000 m altitude. Abi Saleh and Safi (1988) produced a vegetation map for Lebanon, adapted from previous works (Quezel, 1976; Barbéro et al., 1985) .
Several authors carried out in-depth investigations on the bioclimatic tolerance for different oaks species in the Near East, including Q. cedrorum Kotschy, Q. cerris L., Q. coccifera L., Q. ithaburensis Decne., and Q. pubescens Willd. using Emberger Quotient (Q), winter variant (m), the length of the dry period (LDP), and the dry season water deficit (DSWD) (Quezel, 1976 (Quezel, , 1980 Quezel and Barbéro, 1985; Dufour-Dror and Ertas, 2004; Serteser et al., 2009; Kargioglu et al., 2011; Ugurlu and Oreland, 2012) . Nonetheless, exploration of the distribution of oak species according to bioclimatic, orographic, and geographic characteristics in Lebanon has never been carried out except through a regional study targeting Q. calliprinos Webb (Ozturk et al., 2010) .
This paper aims at revealing the potential niche of the 7 taxa and eventual hybrids identified in Lebanon, starting from the realized niche of each, filling the gaps related to the environmental and physical characterization of oak species in Lebanon and the Near East. The result would allow us to:
-Understand what the abiotic environmental factors are affecting the distribution of oak species in Lebanon. In practice, conclusions related to potential area for future reforestation activities aiming at ecosystem restoration and biodiversity conservation will be pointed out.
-Identify the most appropriate abiotic environmental parameter to study the potential niche of oak species in Lebanon and at regional level, where in most cases meteorological data collection and information are not always available or homogeneous. In a second step, this work will be a baseline for upscaling investigations directing the bioclimatic niche at regional level for many oak species that are rarely studied, especially those on their edge conditions.
-Delineate the geographical range or extent of occurrence of oak species at national level, and determining whether the biogeographic range of these species could be similar, overlapping, or separated. Conclusions would contribute to IUCN red listing of rare oak species at national and regional levels, which are deficient for Lebanon (Oldfield and Eastwood, 2007) .
Materials and methods
We selected 91 sampling plots in which we sampled 5 trees of each species. The number of sampling plots per species were representative of the respective area of occupancy of the species and distributed as follows: 23 for Q. calliprinos, 23 for Q. infectoria, 15 for Q. cerris, 10 for Q. pubescens, 7 for Q. look, 4 for Q. ithaburensis, 4 for Q. cedrorum, 2 for Q. infectoria × cedrorum, 2 for Q. cerris × infectoria, and 1 for Q. brantii × infectoria (Figure 1 ). For widely distributed species such as Q. calliprinos Webb and Q. infectoria Olivier, we selected representative populations that express the diversity in the range of bioclimatic conditions, and vegetation stages and series, sensu Abi Saleh et al. (1996) , and their area of occupancy as illustrated in the forest map of Lebanon (FAO/MOA, 2005) . As for the remaining taxa, almost all populations were georeferenced, due to their limited subpopulations and restricted area of occupancy.
In each site, geographic, orographic, and bioclimatic parameters were recorded on site or generated through ArcMap by georeferencing the sites and overlaying them on the required maps (Table 1) .
A set of parameters were used to determine the bioclimatic niche of oak species. Since Lebanon is under the Mediterranean climate zone sensu Köppen where a Csa/Csb climate rules (Peel et al., 2007) , the differentiation amongst plant species' requirements of humidity and temperature is mostly expressed through Emberger's quotient (Emberger, 1955; Abi Saleh et al., 1976) . This quotient (Q) is calculated as follows:
where P is the mean annual precipitation (mm), M is the maximal temperature average of the hottest month, and m is the minimal temperature average of the coldest month (K). In this study we converted Q into °C by adding 546.24. Climatic data were retrieved from the Atlas Climatique du Liban (MoPW, 1966) , with 20 years' data for temperature (M and m) , and precipitation (P) from the closest meteorological stations in terms of geographical distance and bioclimatic zone/altitude.
We used another method for estimating annual rainfall in each site, by georeferencing each site on the precipitation map of Lebanon. As a result, sites were located between 2 isohyets, and therefore 2 values covering the precipitation range within a site were obtained: P1 and P2 for the lowest and highest values, respectively. Consequently, 2 values for Q were calculated for each site: Q1 and Q2.
In addition, we used the climagram of Emberger that allows one to distribute oak species according to bioclimatic zones by combining on a chart the values of Emberger's quotient (Q) and the winter variant (m) (Quezel and Figure 1 . Distribution of the sampled sites with oak species in Lebanon (major points are only shown for visibility). Barbéro et al., 1992; Abi Saleh et al., 1996; Dufour-Dror and Ertas, 2004 ) based on the data retrieved from the represented meteorological stations (Figure 2) .
In order to understand the major factors affecting the distribution of oak species in Lebanon, discriminant factor analysis (DFA) was conducted to extract those environmental variables that maximize the variance among the studied species. Seven acknowledged taxa plus 3 hybrids were analyzed. Q. brantii × infectoria was excluded from the analysis because a single station was found for this hybrid. The present analysis will use a multivariant approach for multiple species rather than single species analysis, due to the limited area of occupancy of some species, which does not allow robust statistical analysis.
A correlation matrix was computed from the original dataset, which included continuous and categorical variables. Intraclass covariance matrixes were additionally done to determine the relative amounts of differences retrievable among the sites belonging to a single species, to estimate variance for multiple dimensions datasets. The robustness of the assessed distances among species was further tested by the Fisher coefficients and their relative P-values. Finally, the coefficients of the canonical discriminant functions, the eigenvalues of each environmental variable, the barycenters scores, and the a priori/a posteriori classification with the probability of affinity were calculated, using SPSS 17.0 and XLSTAT 5.03 add-in for Microsoft Excel.
Results
The variance within the sampled species, thus within their niches, was retrieved from DFA by using a dimensional reduction of the original dataset; the first 2 linear uncorrelated variables (namely F1 and F2) explain 63.9% of the cumulative difference among species (Figure 3 ). On the other hand, the DFA detected a reduced number of original variables that maximize the variance among species (Table 2; Figure 4 ). In fact, our findings gave high eigenvalues scores to some variables that are positively or negatively correlated with the groups defined by DFA (Table 2; Figure 4 ). This was mostly reflected in Table 2 , which shows that the major factors (F1 axis) affecting species distributions are climatic parameters related to minimal winter temperature or winter variant (m, my), maximal temperature of the hottest month (M), minimal and maximal precipitation isohyets (P1, P2) as well as elevation (which strongly affects both temperature and precipitation). The influence of environmental factors on the local scale contributes to a lesser extent (F2 axis), with factors such as the amount of rainfall retrieved from local stations (P), and volcanic and deep soils. 
It is evident that even data of minimal temperature of the coldest month (e.g., my) for a 3-year period are still valid for such analysis, even if temperatures are slightly higher than those of the long period averages (m). Conversely, for temperature averages of the hottest month, My values influence species distribution less when compared to M. This could be related to the methodology of extrapolating temperature data in the short term from different meteorological stations, and to the high variability between My and M values. Figure 3 with Figure 4 , species can be distributed according to the winter variant (m, my), being a major climatic parameter contributing to species distribution. Q. pubescens Willd., Q. infectoria × cedrorum, Q. cedrorum Kotschy, and to a lesser extent Q. look Kotschy are negatively related to these parameters.
By comparing
Maximal temperature averages of the hottest month are also a major contributor to the variance in species distribution. Q. calliprinos Webb and Q. ithaburensis Decne. are the most positively affected by high temperatures, whereas Q. pubescens Willd. and Q. cedrorum Kotschy are negatively affected by this parameter.
Precipitation parameters (P1, P2) constitute the third major climatic factor affecting species distribution according to a bioclimatic range.
Elevation is the major parameter affecting oaks species' distribution in Lebanon. An altitudinal gradient could be drawn with Q. ithaburensis Decne. at the lowest altitudes, followed by Q. calliprinos Webb, Q. infectoria Olivier, Q. cerris L., Q. look Kotschy, Q. cedrorum Kotschy, and Q. pubescens Willd. (Figures 3 and 5 ). All other orographic and geographic parameters are minor contributors to the distribution of species.
Deep soils (SD 30-40) and soils developed on volcanic mother rocks (MR volcanic and mixed calcareous with volcanic) are secondary contributors (F2 axis) to oak species distribution in Lebanon (Table 2; Figure 3 ). In view of this, Q. ithaburensis Decne. is strongly related to mature volcanic soil types (depth between 30 and 40 cm) and it strongly differs from the other species (Figures 3  and 4) .
However, descriptive statistics allowed us to characterize the species' biogeographic amplitude for the sampled populations (Table 3) . Species located at lower and higher elevations (respectively Q. ithaburensis Decne., Q. look Kotschy, Q. cedrorum Kotschy, and Q. pubescens Willd.) have the most restricted altitudinal range, and those on middle altitudes a wider range (Q. calliprinos Webb, Q. cerris L., and Q. infectoria Olivier).
A similar observation is worth mentioning regarding distance to the sea (DtS), where Q. cedrorum Kotschy, Q. cerris L., Q. ithaburensis Decne., and Q. pubescens Willd. have restricted ranges and are closer to the sea when compared to Q. calliprinos Webb, Q. infectoria Olivier, and Q. look Kotschy, which have wider ranges and can reach distant locations inland (Table 3) . Figure 5 shows the relative amounts of differences within each species (black circles) centered on the barycenters, meaning a dispersion index of sites belonging to the same species around its theoretical center. These values are also partially affected by the sample size, so that the magnitude of circles such as for Q. cerris × infectoria and Q. infectoria × cedrorum should be taken carefully. Table 4 explains whether the realized niches of the different oak species are significantly distant from each other. In other words, we study the degree of similarity in the abiotic environmental factors affecting species distribution. The more significant distance (P-values) in environmental factors affecting species distribution, the higher the probability that their niche is separated. Fisher's linear discriminant rule pointed out that the linear combination of predictors was not able to statistically It is also evident that Q. cerris L., Q. cedrorum Kotschy, and Q. look Kotschy have no significant difference between their respective realized niches.
Discussion

Major abiotic environmental factors affecting oak distribution in Lebanon
This investigation showed that climate is the major driving factor affecting oak species' distribution in Lebanon, where temperature (minimal and maximal) and precipitation range are the major drivers shaping the distribution pattern of most oak species. Elevation is an important biogeographical factor, yet it is highly affecting both temperature and precipitation, and contributes in amplifying the differences in the realized niche of oak species, leading to a possible altitudinal zonation of the vegetation (Abi Saleh, 1982; Quezel and Barbéro, 1985) .
Climate is known as the major factor affecting the geographical distribution of plant species in general (Cox and Moore, 1999; Lugo et al., 2015) , while climate extreme events such as drought combined with the high demographic pressure in the Mediterranean region have contributed to increased pressure on natural ecosystems through forest fire, grazing, cutting, and habitat fragmentation by a long history of human activities (Quezel and Bonin, 1980; Khury et al., 2000; Hajar et al., 2009; Jomaa et al., 2009; Touchan et al., 2014) . As a result, orographic factors (slope, aspect) and soil characteristics are affecting species distribution only at local level, and do not constitute a major driving force in the distribution of species (Dufour-Dror and Ertas, 2004) . 
Bioclimatic analysis
Winter variant (m) and maximal temperature of the hottest month (M) are major factors affecting the distribution of oaks in Lebanon. Species normally found further north in latitude or at higher altitude such as Q. pubescens Willd., Q. cedrorum Kotschy, and Q. infectoria × cedrorum are negatively affected by temperature.
An increase in precipitation affects positively the distribution of Q. cedrorum Kotschy and to a lesser extent Q. cerris L. as these relic species are normally found in northern Mediterranean countries and require humid conditions with average annual rainfall above 1100 mm, and a range between 800 and 1400 mm (Abi Saleh et al., 1976; Quezel and Barbéro, 1985; Hedge and Yaltirik, 1994; Kargioglu, 2011) . Conversely, Q. ithaburensis Decne. and Q. calliprinos Webb are not significantly affected by rainfall amount, as the former species is known to withstand long periods of drought (Dufour-Dror and Ertas, 2004; Ortiz et al., 2010 ). Yet, the higher the precipitation, the higher is the diversity of observed oak taxa in Lebanon.
The minimal average temperature of the coldest month over a 3-year period (my) seems to be significant and allows us to calculate the winter variant for a shorter period in order to discriminate between species, and overcome the lack of continuous meteorological data. Although Emberger's quotient is not found to be a major climatic parameter shaping the distribution of oak taxa, it remains a necessary parameter along with the winter variant to display on a climagram of the bioclimatic range of plants according to bioclimatic zones and vegetation levels. By pointing out Q and winter variant (m) values of each point of distribution of oak species on the climagram of Emberger as adapted to Lebanon by Abi Saleh et al. (1976) as illustrated in Figure 2 , we confirm our results in relation to precipitation and temperature parameters:
-Q. calliprinos Webb has a large plasticity allowing this species to grow everywhere except in bioclimatic zones with cold and very cold winter variants. Its exclusive presence in the steppe (arid) zone is additional information that was not described by previous authors in Lebanon (Abi Saleh et al., 1976 , 1996 .
-Q. cedrorum Kotschy is distributed in the perhumid bioclimatic zone with cold and very cold winter variants (Mediterranean montane vegetation level), confirming the findings of previous works (Quezel and Bonin, 1980; Abi Saleh et al., 1996; Kargioglu et al., 2011) .
-Q. cerris L. is essentially distributed in the Supra Mediterranean vegetation level, and also in the Mediterranean Mountain and Meso Mediterranean levels, within the humid bioclimatic zone with cold, Figure 5 . Coordinates of the barycenters of the study oaks (yellow dots) and relative dispersion of the populations around each barycenter (black circles). cool, and temperate winter variants. Previous works never mentioned the presence of this species in the Meso Mediterranean level in Lebanon (Abi Saleh et al., 1976 , 1996 although Quezel and Bonin (1980) mentioned this possibility in the east Mediterranean basin. Q. cerris is comparable to Q. cedrorum Kotschy by its humidity requirement ).
-Q. infectoria Olivier is another species showing high plasticity that could be differentiated from Q. calliprinos Webb by its limitation to thrive in arid zones and the possibility to tolerate bioclimatic zones with cold and very cold winters. Consequently, it is the exclusive oak species thriving in Supra Mediterranean presteppe vegetation level in Lebanon.
-Q. ithaburensis Decne. is exclusively found in the Thermo Mediterranean and Meso Mediterranean vegetation levels (subhumid zone with hot winter variant). This work is considered the first description of this species in Lebanon, while our results are consistent with the findings of previous investigations (Al Eisawi, 1996; Danin, 2001; Dufour-Dror and Ertas, 2004 ).
-Q. look Kotschy is distributed in both Mediterranean montane and Mediterranean montane presteppe vegetation levels (in humid and subhumid bioclimatic zones with cold and very cold winter variant). Our results show that the species can thrive not only in presteppe conditions but also in more humid conditions on the western slopes of southern Mount Lebanon, in association with Cedrus libani (Abi Saleh et al., 1996) .
-Q. pubescens Willd. is distributed in Mediterranean montane and Mediterranean montane presteppe vegetation levels (in perhumid, humid, and subhumid bioclimatic zones with cold and very cold winter variants). Although it might be similar to Q. look Kotschy, this species shows higher Q values and a wider range, allowing it to thrive in more humid conditions. This could also be explained by the different origins of both species, where Q. look Kotschy is confined to the Near East while Q pubescens Willd. has a much broader area of distribution and is capable of thriving in cold but more humid conditions (Quezel and Bonin, 1980; Hedge and Yaltirik, 1994; Menitsky, 2005; Blondel et al., 2010 (Abi Saleh et al., 1976 , 1996 .
Biogeographic analysis
The altitudinal gradient of species is consistent with the bioclimatic drivers, namely the winter variant and Q as shown in the Emberger climagram (Figure 2 ). In view of this, our results confirm the ecological descriptions already available in the literature (Zohary, 1961; Quezel and Bonin, 1980; Abi Saleh, 1982; Abi Saleh et al., 1996; Al Eisawi, 1996; Danin, 2001; Blondel et al., 2010) . It is worth mentioning that despite the fact longitude (X), latitude (Y), and distance to the sea (DtS) are not significant contributors to species distribution at national scale (Table 2) , Lebanon is considered the western and northern limit of Q. look Kotschy, and the southern limit of Q. cedrorum Kotschy, Q. cerris L., and Q. pubescens Willd., which are represented through endemic subspecies or varieties adapted to the local environment in isolated stands. Consequently, this isolation of oak species at edge conditions explains the restricted range of species growing at higher altitudes, and relatively at a short distance to the sea where both cool temperatures and relative humidity are ensured.
Soil analysis
Soil type and depth are important parameters to add, in order to enable higher accuracy in species distribution pattern as well as vegetation series (Quezel and Barbéro, 1985) . In Lebanon Q. ithaburensis Decne. is strictly developed on volcanic mature soils, whereas it may grow on both chalky mother rock and basaltic soils, and in alluvial deep soils in the Jordan Valley, Golan, and in Sharon plain, however (Zohary, 1961; Quezel and Barbéro, 1985; Al Eisawi, 1996; Danin, 2001; Dufour-Dror and Ertas, 2004) .
The confinement of Q. ithaburensis Decne. to volcanic mature soils in Lebanon in a separate niche from other oak species incites further syntaxonomic investigation in order to assess a new potential plant association in Lebanon.
Realized niche of oak species and their overlapping
The realized niches retrieved from the investigated sites pointed out that most of them are overlapped (cf. min/ max range in Table 3 and Supplementary Materials 6-19), due to the plasticity of each species regarding bioclimatic factors and to the marked adaptive traits, a common response to their low dispersal capacity (Petit and Hampe, 2006; Delzon et al., 2013; Gerber et al., 2014; Vessella et al., 2015) . Although the area of occupancy of Q. calliprinos Webb is overlapping with that of Q. cerris L. for example, the significant distance between the realized niches of both species is due to the difference in the factors affecting their distribution (temperature, precipitation, soil characteristics, etc.). Conversely, Q. look Kotschy does not intersect in its area of occupancy with Q. calliprinos Webb, yet the major environmental factors affecting the distribution of both species are similar. Q. cedrorum Kotschy is geographically distant from Q. look Kotschy, as the former is confined to the western slopes of northern Mount Lebanon while the area of occupancy of the latter is located further south and inland. In fact, if the major environmental factors contributing to species distribution are similar in both species (elevation and minimal winter temperatures), other factors of lesser eigenvalues scores contribute to their biogeographical separation (DtS, Q, and Tar).
However, Q. ithaburensis Decne. and Q. pubescens Willd. can be discriminated from the rest as these species require specific environmental conditions (i.e. volcanic mature soils for the former and high elevation for the latter).
This study enables us to set priorities for the conservation of species with restricted range and limited area of occupancy and realized niche (i.e. Q. look Kotschy, Q. cedrorum Kotschy, Q. pubescens Willd., and Q. ithaburensis Decne.) and further update the IUCN red list of oaks (Oldfield and Eastwood, 2007) .
Prospective investigations should aim at better understanding the effect of bioclimatic gradient on the morphological variability of different oak species and hybrids, in an attempt to better understand their capacity to adapt to climate conditions, and understand why hybrids would be stabilized in a closer or distant niche from their parents.
Finally, this work can be considered a solid baseline to build upon in order to assess the impact of climate change on the bioclimatic niche of oak species, under different scenarios, at both national and regional scale. 
